Abstract. In the present study, the BiOCl/graphene composites were prepared through an in-situ hydrothermal process. The structure of the composites were studied and the photocatalytic performance of the composites were specifically investigated in detail through degrading organic dye pollutants. The results showed that the prepared BiOCl/graphene composites showed a petaloid shape and the graphene sheets were uniformly dispersed within the BiOCl petals. Additionally, the results also showed that compared with the pristine BiOCl, the BiOCl/graphene composites had a much higher degradation efficiency to methylene blue and rhodamine B dyes. The present study provides a novel and effective photocatalyst which could be potentially applied in the photocatalytic degradation of organic pollutants.
Introduction
The graphene has attracted tremendous research interest since it was discovered in 2004. Having unique one-layer-thick 2D honeycomb structure, the graphene has abundant fantastic properties, such as high Young's Modulus, aspect ratio, thermal and electrical conductivity, etc. [1, 2] . Thus, it is a promising hybridizing filler to be incorporated into either polymer or ceramic matrices for enhancing the properties of the pristine matrices [3, 4] . With fairly a little amount of this nano-fillers being incorporated into the matrices, generally no more than 5% in weight content, the corresponding properties of the prepared nano-composites can be enhanced largely [5] .
One of the applications of the graphene is to be incorporated into the photocatalysts to serve as the catalyst carrier to enhance the catalytic efficiency of the photocatalysts [6, 7] . In recent years, it has been found from abundant attempts that the graphene incorporated composites could effectively improve photocatalysis capabilities of the pristine semiconductor metal oxides and metal salts [8] . Amongst all the reported photocatalysts, the bismuth oxychloride (BiOCl) is of particular interest due to its unique ternary structure and excellent catalytic and luminescent properties [9] . However, some previous studies have shown that the band gap of BiOCl was as high as that of the TiO2, which restricted its further applications in photocatalysts fields.
Thus in the present study, the graphene was incorporated with the BiOCl to improve the photocatalytic activities of the BiOCl. An in-situ hydrothermal process was applied to prepare the BiOCl/graphene composite in which graphene was directly added into the reaction solution before the hydrothermal process. The photocatalytic performance of the prepared BiOCl/graphene composite was then investigated in detail.
Experimental

Materials
Natural graphite powder, BiCl3, urea were purchased from Sigma (USA). Other chemicals and solvents were of analytical grade and used as received.
Synthesis of BiOCl/Graphene Composite
The graphene oxide (GO) was synthesized by a modified Hummers' method. The synthesized GO was first dissolved in 40 mL ethylene glycol (EG). The dispersion was sonicated for 4 hours until the graphene oxide was uniformly dispersed in EG. Then 2 mmol of BiCl3 (0.81g) was added to the graphene solution with stirring at room temperature. After BiCl3 was dissolved fully, an appropriate amount of urea was added to the above solution. Finally, a transparent solution was obtained and then transferred into a Teflon-lined stainless steel autoclave to fill 80% of the total volume. The autoclave was sealed and maintained at 160 o C for 12 h. After the reaction was completed, the autoclave was then allowed to cool naturally to room temperature. The resulting precipitates were collected and washed with ethanol and deionized water thoroughly and dried at 60 o C in air.
Characterization Methods
Scanning electron microscopy (SEM) was conducted by the JEOL SEM 6490. The samples were coated with a thin layer of gold before observation. The X-ray diffraction (XRD) was conducted using a Rigaku Smartlab XRD instrument with the Cu Kα radiation source (1.54 Å). Thermogravimetric analysis (TGA) was carried out using a Mettler Toledo TGA/DSC 1 Simultaneous Thermal analyzer with the temperature increasing from 25 ). The diffuse reflectance spectra (DRS) were conducted by a Lambda-750 UV-visible spectrometer. UV-vis spectra of the MB and RhB solutions during the photocatalysis process were recorded by a Lambda-18 UV-visible spectrometer. The photoluminescence (PL) spectra were conducted by a Horida Yvon Fluoromax-4 spectrofluorometer with a Xe Lamp as the excitation source. The excitation wavelength was selected as 320 nm.
Photocatalytic Activities Measurement
A tungsten halogen lamp with 500 W output power was used as the light source for photocatalytic experiments and a quartz beaker thermostated by water-jacketed was used as the reaction vessel, enabling a constant temperature of 28 ± 2 o C by adjusting the flow of cooling water. Typically, different amount of MB or RhB (10 mg, 20 mg, 30 mg and 40 mg) was dissolved in 1 L distilled water to obtain dye solutions with different concentrations, respectively. Certain amounts of the photocatalysts were then put into the 200 mL of the above solutions. The above mixture was first mechanically stirred in the dark for 30 min, and then directly placed in front of the tungsten halogen lamp with a fixed distance of 20 cm. During the photocatalytic processes, approximate 3.0 mL of the mixture was withdrawn at predetermined intervals, centrifuged to separate solid and quantified with the UV-vis spectrometer.
Results and Discussion
The crystal structure of the composite was first investigated by XRD shown in Figure 1 (a) . It was clearly seen that the BiOCl/graphene composite had a similar XRD pattern with the pure BiOCl, indicating that the incorporation of the graphene did not break the crystalline structure of the BiOCl. Figure 1 (b) shows the TGA results of the pure BiOCl and BiOCl/graphene composite. As shown, the pure BiOCl did not have weight loss when the temperature increased to 600 o C. The weight loss steps of the BiOCl/graphene were all assigned to the graphene which were the oxidation and decomposition of the graphene itself. From the TGA results, the graphene content in the BiOCl/graphene composite was ~3 wt%.
The morphology of the BiOCl/graphene composites was then investigated by SEM image shown in Figure 2 . It could be seen that the pristine BiOCl presented a flower-shaped morphology with a lot of BiOCl petals inserted. When the graphene was incorporated into the system, the composite also showed a flower-like structure with bigger size. From the magnified image (Figure 2 (d) ), one could see that the BiOCl petals enwrapped on the graphene sheets with a very uniform distribution. The DRS spectra of the BiOCl and BiOCl/graphene composite were shown in Figure 3(a) . As could be seen, both BiOCl and BiOCl/graphene composite had absorption from UV region to visible light region. However, the absorption of pure BiOCl had a sharp edge at ~400 nm, and after 400 nm, the intensity decreased rapidly, which meant pure BiOCl could not absorb the energy from visible light effectively. On the contrary, the BiOCl/graphene composite had much stronger absorption intensity at both UV region and visible light region, indicating that the incorporation of the graphene significantly increased the energy absorbance efficiency of the BiOCl. This property is of extreme importance to a photocatalyst. The photocatalytic activities of the prepared BiOCl/graphene composite were then investigated through degrading MB and RhB dyes in water phase. Figure 4 shows the photo-degradation performance of the prepared samples. The dye concentration was set at 10 mg/L and the dosage of each sample was set at 50 mg. As could be seen, the BiOCl/graphene composite exhibited much higher the degradation efficiency compared with the pure BiOCl, and both MB and RhB could be completely degraded within 4 h. As discussed above, the incorporation of the graphene enhanced the photo-energy absorption rate and inhibited the electron/hole recombination, resulting a better photocatalysis performance of the BiOCl/graphene composite. The effect of photocatalyst dosage on the degradation speed of the dyes (10 mg/L) was then investigated with the results shown in Figure 5 . One could observe that when the dosage of the catalysts reached to 50 mg or higher, almost all the dye molecules in the solution could be degraded within a same time span, which indicated again the BiOCl/graphene composite was an effective and efficient photocatalyst. The effect of dye concentrations on the degradation performance of the BiOCl composite was then investigated with the results shown in Figure 6 . As could be seen, when the concentration of the dye solution was 20 mg/L or lower, the BiOCl/graphene composite was able to achieve a dye degradation rate of ∼100% within 4 h. When the dye concentration was higher, the degradation speed became lower because the darker color of the dye solution cut off some incident light and the photocatalyst could not absorb enough energy to generate dye degradation, resulting in a lower degradation speed.
Summary
In summary, the BiOCl/graphene composite was synthesized through an in-situ hydrothermal process. The SEM images and XRD patterns showed that the BiOCl/graphene had a petaloid shape in which BiOCl petals dispersed around the graphene sheets uniformly. The prepared composite was further used as the photocatalyst to degrade dye pollutants in water media. The overall results indicated that the BiOCl/graphene had a much higher and very promising photo-degradation performance. The present study provides a novel and effective photocatlayst which could be potentially applied in the photocatalytic degradation of organic pollutants.
